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INTRODUCTION
Sesquiterpene lactones (STLs) are unique plant-derived compounds consisting of a C15 sesquiterpene backbone with an a-methylene c-lactone moiety. Some of these possess important pharmacological properties, such as anticancer (e.g. parthenolide, costunolide, and thapsigargin) (Choi et al., 2002; Christensen et al., 2009; Nakabayashi and Shimizu, 2012) , anti-malarial (e.g. artemisinin) (Haynes et al., 2013) , and anti-inflammatory activities (e.g. helenalin) (Lyss et al., 1997; Qin et al., 2011; Ren et al., 2013) . There is evidence that the pharmacological properties of STLs are in part due to the lactone moiety (Park et al., 2009) . For the majority of STLs in Asteraceae, they are derived from the central precursor germacrene A acid (GAA), and the formation of the lactone rings is determined by the regio-(C6 or C8) and stereoselective (a-or b-) hydroxylation of GAA (Ikezawa et al., 2011; Ramirez et al., 2013) , resulting in four possible regio-and stereo-specific configurations (i.e. 12,6a-, 12,6b-, 12,8a-, and 12,8b-olides) (Figure 1a) . Intriguingly, such configurations are known to influence biological activities of some STLs (Schmidt et al., 1996; Beekman et al., 1997; Ahern and Whitney, 2014a,b) .
Despite diverse pharmaceutical applicability of STLs, the low abundance and structural complexity of STLs limit their uses in pharmaceutical industries. Microbial metabolic engineering or synthetic biology can be a promising strategy to over-produce these chemicals in sufficient quantities (Paddon et al., 2013) , but this process requires a complete understanding of the STL biosynthetic genes. Among the four stereo-isomers of STLs, the biosynthesis of costunolide that forms C12,6a-configured lactone has been the most extensively studied. The biosynthetic pathway of costunolide from farnesyl diphosphate (FPP) was first proposed using chicory root enzyme extracts . In the biosynthesis of costunolide (Figure 1a) , the first committed step is the formation of germacrene A from FPP, which is catalyzed by germacrene A synthase (GAS). The metabolic genes encoding GAS have been cloned from a basal lineage of Asteraceae, Barnadesia spinosa (Nguyen et al., 2016) , as well as several Asteraceae species, such as chicory , feverfew , sunflower (Gӧepfert et al., 2009) and Xanthium strumarium (Li et al., 2016) . The C12 on germacrene A isopropenyl group is then sequentially oxidized to yield GAA by germacrene A oxidase (GAO) (Nguyen et al., 2010) . Lastly, costunolide synthase (COS; CYP71BL2) catalyzes a regio-and stereoselective hydroxylation at C6 on GAA to produce 6a-hydroxyl GAA, followed by a non-enzymatic lactonization of the 6a-hydroxyl GAA to form costunolide. COS genes have been cloned from several members of the Asteraceae family, including lettuce (Ikezawa et al., 2011) , chicory , pyrethrum (Ramirez et al., 2013) , Tanacetum parthenium (Liu et al., 2014) and Cynara cardunculus (Eljounaidi et al., 2014) . Costunolide is an intermediate for the formation of other C12,6a-STLs ( Figure 1a ). For instance, a C12,6a-type STL, termed parthenolide, is formed by a C4-C5 double bond epoxidation of costunolide, and the gene responsible for this step has recently been isolated from feverfew (Liu et al., 2014) .
Similar to costunolide biosynthesis, the C12,8a-or C12,8b-STLs can be biosynthesized by a regio-selective hydroxylation at the C8 position in either the a-or b-configuration ( Figure 1a) . Recently, a sunflower cytochrome P450 monooxygenase (CYP71BL1) has been identified that catalyzes 8b-hydroxylation of GAA (Ikezawa et al., 2011) . However, the resulting 8b-hydroxyl GAA is stable in this form and could not be spontaneously lactonized to a C12,8b-configured lactone. Comparative molecular modelling between 6a-hydroxyl GAA and 8b-hydroxyl GAA suggested that geometric distance between the hydroxyl group and the carbonyl carbon at the C12 is much shorter for 6a-hydroxyl GAA than for 8b-hydroxyl GAA (Ikezawa et al., 2011) . Therefore, the C12,6a-lactone formation is facilitated to produce costunolide, whereas 8b-hydroxyl GAA cannot be spontaneously lactonized (Figure 1a) . Despite the fact that 8b-hydroxyl GAA is stable and does not spontaneously form a lactone, C12,8a-and C12,8b-olide ring structures are found in nature. Therefore, plant enzymes (CYPs or dioxygenases) that can synthesize the STLs in 12,8a-and 12,8b-configurations should be present in certain plant species. Considering the potent biological activity conferred by amethylene c-lactone moiety, plants may readily evolve and deploy the catalysts for C12,8-STLs. However, at present, the knowledge for the biosynthesis of C12,8-STLs in both configurations is lacking.
Inula hupehensis, used in the traditional Chinese medicine as 'JinFeiCao', is an Asteraceae species endemic to China. This plant has been exploited for the treatment of bronchitis, diabetes, and intestinal ulcers (Zhao et al., 2006) . The main active ingredient for the pharmacological properties of I. hupehensis is believed to be STLs (Qin et al., , 2012 . Of particular interest is that the C12,8-STLs in both 8a-and 8b-configurations have been reported in a single species, I. hupehensis (Qin, 2011) . These two representative C12,8a-and C12,8b-configured STLs in I. hupehensis are 2a-acetoxyinuviscolide and burrodin, respectively (Figure 1(b) ), which were reported to have antiinflammatory effects Ren et al., 2013) . One biochemical scenario to explain the occurrence of both C12,8a-and C12,8b-STLs in a single species is the presence of two distinct stereoselective CYPs -one for 8a-hydroxylation and the other for 8b-hydroxylation. Alternatively, CYP with no stereo-selectivity could catalyze the biosynthesis of both types of STLs. In either case, the inherent steric difficulty of 8b-hydroxyl GAA to form the C12,8b-STLs needs to be overcome, making it worthwhile investigating the enzymatic mechanism for a lactonization. In this work, we aimed at elucidating the biochemical mechanism for the formation of C12,8a-and C12,8b-STLs in I. huphensis as the knowledge acquired can help us better understand the adaptive evolution of enzymes in STL biosynthesis in Asteraceae. We demonstrate here that a single CYP enzyme, termed CYP71BL6, catalyzes the formation of either 8a-or 8b-hydroxyl GAA, of which 8a-hydroxyl GAA spontaneously lactonizes to a C12,8a-STL, but 8b-hydroxyl GAA does not. Therefore, unlike the majority of known stereoselective P450s, CYP71BL6 can catalyze the C8 hydroxylation in a non-stereoselective manner. The characterization of CYP71BL6 has shed light on the biochemical nature for the biosynthesis of the C12,8-STLs in I. huphensis. -and stereo-configurations (12,6a-, 12,6b-, 12,8a-, and 12,8b-olides) and the simultaneous occurring of both the 12,8a-and 12,8b-olides in I. hupehensis. (a) The proposed biosynthetic pathways to the GAA-derived STLs starting from farnesyl diphosphate (FPP). (b) The representative compounds in I. hupehensis showing two stereo-configurations with 2a-acetoxy-inuviscolide for the C12,8a-STL and burrodin for the C12,8b-STL. STLs, sesquiterepene lactones; GAA, germacrene A acid; CYP71BL2, GAA 12,6a-hydroxylase; CYP71BL6, I. hupehensis GAA 12,8a/b-hydroxylase; CYP71BL1, H. annuus GAA 12,8b-hydroxylase.
RESULTS
The construction of a GAA-producing yeast strain
To identify and characterize the CYPs catalyzing the biosynthesis of C12,8-STLs, it is necessary to secure the substrate, GAA (Figure 1a) . However, GAA is neither stable nor commercially available. Therefore, we first constructed a GAA-producing yeast strain as a platform for the discovery of GAA-oxidizing CYPs. To produce GAA in yeast, two genes encoding germacrene A synthase (LsGAS) and germacrene A oxidase (LsGAO) were isolated from lettuce (Nguyen et al., 2010) , and co-expressed in WAT11 yeast strain which has a genomically integrated Arabidopsis thaliana reductase partner for CYPs (Pompon et al., 1996) . The expected product, GAA, was produced in the yeast co-expressing LsGAS and LsGAO, but was not detected in the control yeast strain harbouring empty vectors . This result indicates that LsGAS and LsGAO were properly expressed in the WAT11 strain to produce GAA.
Molecular cloning of CYP71-encoding genes
The key objective of this work is to elucidate the biosynthesis of the C12,8-STLs, and thus we chose to examine I. hupehensis as the C12,8-STLs in both configurations (8a and 8b) accumulate in this plant (Qin, 2011; Qin et al., 2011; Ren et al., 2013) . As most CYPs known to oxidize sesquiterpenes are members of the CYP71 clan, degenerate primers based on the CYP71 conserved domains were designed and used to isolate the CYP71-encoding genes from I. hupehensis. One cDNA fragment showed significant sequence similarity to the gene encoding a sunflower CYP enzyme CYP71BL1. CYP71BL1 was previously identified to catalyze GAA to form 8b-hydroxyl GAA, but it could not further convert the 8b-hydroxyl GAA to a respective C12,8b-lactone (Ikezawa et al., 2011; Figure 1a) . To further investigate this CYP71 candidate, its full-length cDNA was obtained by rapid amplification of cDNA end (RACE) from I. hupehensis and was named Ih8H (GenBank accession no. KR029572). An official P450 name of CYP71BL6 was also assigned to this gene by Dr David Nelson. CYP71BL6 displays only 66% and 63% amino acid identity to HaG8H (CYP71BL1) and LsCOS (CYP71BL2), respectively (Figure S2) . Also, a CYP with the exact same amino acid sequences as CYP71BL6, designated Il8H ( Figure S3 ) was found from our recently constructed I. lineariifolia flower transcriptome. The I. lineariifolia is a close species to I. hupehensis, and also accumulates both the 12,8a-and 12,8b-lactones (Qin, 2011) . From the I. lineariifolia flower transcriptome data, we searched for close homologues of CYP71BL6. However, the closest homologue displayed a limited amino acid identity of only 59%, while showing a 91% identity to sunflower GAO. This clone is likely to be GAO in I. lineariifolia. Therefore, we concluded that CYP71BL6 is a distinctive CYP transcript in I. lineariifolia flower with no other closely related CYPs.
Expression and biochemical assays of CYP71BL6 in vivo
To examine whether recombinant CYP71BL6 can utilize GAA as a substrate, CYP71BL6 was co-expressed with LsGAS and LsGAO in the WAT11 strain. For a comparison, a costunolide synthase gene CYP71BL2 was cloned from lettuce and was co-expressed with LsGAS and LsGAO as well. Yeast cells expressing only LsGAS and LsGAO were used as a control. When the LsGAS, LsGAO, and CYP71BL2 were co-expressed, a new product corresponding to costunolide was produced. This product was not detected in the control (Figure S1e, f) . This result confirmed that GAA is properly synthesized and further oxidized in this strain, and therefore this engineered yeast was further implemented to identify GAA-utilizing CYPs.
Next, we expressed CYP71BL6 in the GAA-producing yeast strain and detected an appearance of two distinctive product peaks (peaks 1 and 2, Figure 2a ) which were not produced in the control. Peak 1 displayed the same ion mass (m/z + = 233) and almost identical MS/MS fragmentation pattern as those of costunolide, but it showed a noticeably distinct retention time from costunolide (Figure 2a, d) . These data suggested that the compound eluted in peak 1 is likely to be a STL with m/z + of 233, but it is clearly not costunolide. Conversely, the compound eluted in peak 2 showed a major ion mass of m/ z + 251 and a secondary ion mass of m/z + 233. Total ion scan revealed that the ion of m/z + 233 of the peak 2 was derived from its parental ion of m/z + 251 by losing one water molecule ( Figure S4a ). The compound at the peak 2 was determined to be 8b-hydroxyl GAA in reference to its standard (Figure 2b, d) . Upon purification, the structure of 8b-hydroxyl GAA produced by CYP71BL6 was further validated by NMR analyses as reported previously (Ikezawa et al., 2011) . To test whether the CYP71BL6 could utilize germacrene A as a substrate, CYP71BL6 was coexpressed in yeast with the germacrene A synthase LsGAS, and the expression of LsGAS alone served as a negative control. In comparison with the control, the coexpression of CYP71BL6 and LsGAS resulted in no decline in germacrene A [germacrene A occurred as its thermal cope-rearranged product b-elemene in the gas chromatography mass spectrometry (GC-MS) analysis] ( Figure S5 ), suggesting that CYP71BL6 does not use germacrene A as a substrate. These results brought us an initial insight that CYP71BL6 catalyzes 8b-hydroxylation of GAA, and intriguingly it may further promote the lactonization of 8b-hydroxyl GAA to yield a C12, 8b-STL ( Figure 1a ). To examine this possibility, we pursued structural elucidation of the lactone compound at peak 1 after purification.
Structure determination of the lactone product (peak 1) formed by CYP71BL6
To acquire sufficient amount of the compound at peak 1 for NMR analysis, AaCPR, LsGAS, LsGAO, and CYP71BL6 cDNAs were co-expressed in the EPY300 strain which was previously engineered to over-produce the common sesquiterpene precursor FPP (Ro et al., 2008; Nguyen et al., 2012) . This transgenic yeast was cultured at a 2-L scale, and 5.3 mg of the lactone compound was purified through a preparative HPLC. Accordingly, the purified product was subjected to one-and two-dimensional NMR analyses. Two protons at d 5.70 and d 6.19 ( Figure S6 ) attached to the same 13 C at d121.5 ( Figure S7 ) were assigned to a =CH 2 moiety while couplings in COSY spectrum ( Figure S8 C1-C2-C3; the atomic connectivity in its whole structure was further confirmed by its HMBC spectrum ( Figure S10 ). All NMR signal assignments are tabulated in Table S1 . The absolute configurations of the lactone ring was determined to be 12,8a-disposed by comparing the J-coupling constants for 7H-8H, 8H-9H 0 and 9H-9H 0 from the experiments and DFT calculation by taking into consideration of both the intermolecular and intramolecular long-range interactions ( Figure 3 ) (Chai and Head-Gordon, 2008) . The NOE correlation between C8 proton and C14 proton in this molecule ( Figure S11 ) was consistent with the calculated inter-proton distances for these proton pairs (3.0 A) in the optimized (12,8a) structure, further supporting the configuration. Taken these NMR data together, the lactone product was unambiguously determined to be the 12,8a-lactonized GAA (Table S1 ) as reported previously (Bohlmann et al., 1984) . We named the 12,8a-lactonized GAA as inunolide.
We initially contemplated that the purified product from peak 1 would be the 12,8b-STL synthesized by an inherent lactone-promoting activity of CYP71BL6. However, surprisingly the structural data showed that the purified compound is a C12,8a-STL. This result indicates that CYP71BL6 catalyzes not only 8b-hydroxylation but also 8a-hydroxylation of GAA, and the 8a-hydroxyl GAA undergoes a lactonization to form the C12,8a-STL, inunolide. Therefore, CYP71BL6 is indiscriminate for stereo-specific hydroxylation on C8 position of GAA.
Inunolide could be formed spontaneously from 8a-hydroxyl GAA It was reported that 12,6a-lactone ring can be spontaneously formed from 6a-hydroxyl GAA without involving an enzyme (Ikezawa et al., 2011) . Therefore, we questioned whether a similar mechanism is underlying the formation of the 12,8a-lactone ring or whether Ih8H is necessary for the lactone formation from 8a-hydroxyl GAA. To examine this, the lactone ring of inunolide was opened by alkaline hydrolysis, and the hydrolyzed products were incubated in either pH 6.0-or pH 12.0-buffered methanol in vitro. The reaction mixtures were then analyzed by LC-MS/MS at m/ z + 233 to monitor the lactone (Figure 4a ,c), and at m/z + 251
to monitor the intermediate hydroxyl GAA (Figure 4b,d) .
The costunolide standard with a 12,6a-lactone ring was used as a control. One of the alkaline hydrolysis products of costunolide was expected to be 6a-hydroxyl GAA (Ikezawa et al., 2011). As shown in Figure 4 (a), the alkaline hydrolysis of costunolide stored at pH 12 resulted in a substantial decrease of the costunolide peak with a concurrent appearance of two products (peaks 3 and 4). It was reported that the early eluting compound at peak 4 is 6a-hydroxyl GAA, but the identity of the later eluting peak 3 is unknown (Ikezawa et al., 2011) . The 6a-hydroxyl GAA (peak 4) was rapidly converted back to costunolide when incubated at a slightly acidic condition, pH 6, indicating a spontaneous lactonization of 6a-hydroxyl GAA to costunolide. Similarly, the purified inunolide was alkaline hydrolyzed and incubated at different pH. LC-MS analyses of the hydrolyzed inunolide at m/z + 233 showed that the alkaline hydrolysis decreased the inunolide and led to the appearance of two products (peaks 5 and 6) ( Figure 4c ). Only the compound at peak 6 showed an ion at m/z Figure S4b ), suggesting that the compound eluted at peak 6 is 8a-hydroxyl GAA. The 8a-hydroxyl GAA was eluted much earlier than 8b-hydroxyl GAA under the HPLC condition used in this work (Figures 4d and S4b) . When the pH was adjusted to 6.0, the peak for 8a-hydroxyl GAA almost disappeared while the inunolide peak increased (Figure 4c ). This result suggested that 8a-hydroxyl GAA spontaneously converted to the lactone, inunolide. We attempted to purify the 8a-hydroxyl GAA, but it was unsuccessful because the 8a-hydroxyl GAA was readily converted to inunolide during the purification process. Taken together, these data supported that the lactone inunolide could be formed spontaneously from its hydroxyl intermediate 8a-hydroxyl GAA. We also collected the 8b-hydroxyl GAA peak and incubated them in various pH buffers (pH 5.0-7.5) under different temperatures (30-65°C). At these conditions, the 8b-hydroxyl GAA was very stable and was not spontaneously converted to a lactone product ( Figure S12 ).
Biochemical assays in vitro
In vitro enzyme assays were performed using the CYP71BL6-containing microsomes. For control assays, the microsomes from yeast cells harbouring the empty vector were used. These microsomes were incubated with purified GAA and NADPH cofactor, followed by product analysis using UPLC-MS. Consistent with the in vivo assays, the CYP71BL6-containing microsomes could catalyze the conversion of GAA to both 8b-hydroxyl GAA and inunolide, which was not found in the control assays (Figure 5) . Again, this in vitro data further confirmed that CYP71BL6 catalyzes a non-stereoselective hydroxylation of GAA in either 8a-or 8b-configuration. From the total ion count of the products from the in vitro assays (Figure S13 ), the ratio of 8b-hydroxyl GAA to inunolide produced by CYP71BL6 from this in vitro assay was estimated to be around 1.9:1 in the reaction conditions used.
The CYP71BL6 transcript abundance correlates positively to the accumulation of the C12,8-STLs in I. hupehensis A biochemical activity of CYP71BL6 for the synthesis of both 8a-and 8b-hydroxyl GAAs is likely to indicate its roles in the biosynthesis of both types of STLs in I. hupehensis.
To study the metabolic function of CYP71BL6 in planta, the representative compounds, 2a-acetoxy-inuviscolide and burrodin, were analyzed, as they represent the C12,8a-and C12,8b-STLs, respectively, in I. hupehensis. The identities of those two STLs were confirmed by LC-MS/MS analysis with their corresponding standards ( Figure S14a,b) .
In the different I. hupehensis organs, the highest level of CYP71BL6 transcript was observed in the leaves with relatively lower expression in the flowers, and much lower levels in the stems and roots (Figure 6a) . Consistent with the CYP71BL6 expression pattern, the C12,8a-STL, 2a-acetoxy-inuviscolide, was detected in the leaves and flowers but could not be found in the stems and roots (Figure 6b) , indicating a role of CYP71BL6 in the biosynthesis of C12,8a-STLs in I. hupehensis. Conversely, although the accumulation of burrodin (a C12,8b-STL) correlates with the CYP71BL6 transcript in leaf and flower tissues, they do not entirely match in the stem (Figure 6a,b) . These data suggest that another enzyme could contribute to the formation of C12,8b STL in I. hupehensis stem.
To extend the correlation analysis, the I. hupehensis seedlings were treated with 100 lM MeJA and extracted to measure the two STLs and the CYP71BL6 transcript. Compared with the non-elicited controls, the 48 h-treated seedlings displayed a significant increase in the accumulations of both STLs while the 120-h treatment caused a reduction in their levels (Figure 7a,b) . Consistent with this metabolite pattern, the level of the CYP71BL6 transcript was largely increased by the 48-h MeJA induction while was substantially reduced by the 120-h treatment when compared with the non-elicited controls (Figure 7c ). Taken together, these data further supported that CYP71BL6 contributes to the biosynthesis of the C12,8-STLs in I. hupehensis.
DISCUSSION
Both the C12,8a-and C12,8b-STLs accumulate in I. hupehensis (Qin, 2011; Qin et al., 2011; Ren et al., 2013) . One (a-d) The lactone rings were opened by alkaline treatment to form the hydroxyl GAAs, and then incubated in a pH 6.0-buffered methanol to test whether the hydroxyl GAAs would be reversed to the lactones. LC-MS analyses at the extracted ions of m/z + 233 and 251 were applied to monitor the lactones and the hydroxyl GAAs, respectively. The extracted ion chromatograms were shown for the incubations with costunolide (a, b) and inunolide (c, d). The 6a-hydroxyl GAA (peak 4) was produced by the alkaline hydrolysis of costunolide, and it was spontaneously reversed to costunolide in the pH 6.0-buffered methanol. Similarly, the alkaline treatment of inunolide led to the production of 8a-hydroxyl GAA (peak 6) and this intermediate was converted back to inunolide at pH 6. The 8a-hydroxyl GAA was eluted much earlier than 8b-hydroxyl GAA. The MS/MS fragmented patterns of all the hydrolyzed products are shown in Figure S4 (c).
could speculate that two distinct stereoselective CYPs are responsible for their syntheses in this single species -one for 8a-hydroxylation and the other for 8b-hydroxylation. CYP71BL6 catalyzes either 8a-or 8b-hydroxylation of GAA in a non-stereoselective manner, which is of particular interest because it presents another possibility that a CYP with no stereo-selectivity contributes to the biosynthesis of these two types of STLs. The~60% amino acid identity of CYP71BL6 to the previously identified stereoselective GAAoxidizing CYPs (CYP71BL1 and CYP71BL2, Ikezawa et al., 2011) indicates the emergence of a naturally occurring enzyme variant from the stereoselective CYPs. CYP71BL6 was found in another Inula species I. lineariifolia which also synthesizes both types of STLs (Qin, 2011) . Interestingly, apart from CYP71BL6, no other CYP71BL6 close homologues were found in the I. lineariifolia transcriptome, suggesting that CYP71BL6 is the unique GAA-oxidizing CYP in the Inula species.
The 8a-hydroxyl GAA produced by CYP71BL6 spontaneously lactonizes to the 12,8a-lactone inunolide, and thus the mechanism underlying the formation of 12,8a-lactone by CYP71BL6 is similar to that for the formation of the 12,6a-lactone by LsCOS enzyme (Ikezawa et al., 2011) . The production of the 8a-hydroxyl GAA could not be easily detected in the in vivo experiments of this study due to its efficient and non-enzymatic conversion to the 12,8a-lactone. A similar observation was also made for the LsCOS activity as only the 12,6a-lactone product costunolide was detected in the assays while its precursor 6a-hydroxyl GAA was hardly detectable (Ikezawa et al., 2011) . Costunolide is considered the precursor of other widespread C12, 6a-STLs (De Kraker, 2002; De Kraker et al., 2002; Liu et al., 2014) , and therefore it is reasonable to speculate that inunolide is the intermediate for other end C12, 8a-STLs. Indeed, in different tissues or under an eliciting condition by methyl jasmonate, the CYP71BL6 transcript abundance closely matches to the accumulation of 2a-acetoxy-inuviscolide which represents a final C12,8a-STL product in I. hupehensis (Figures 6 and 7) , strongly supporting a role of CYP71BL6 in the biosynthesis of the C12,8a-STLs. This conclusion was corroborated by observing a close correlation of the CYP71BL6 transcript to the biosynthesis of another two end 12,8a-STLs (Qin, 2011) in another Inula species I. lineariifolia ( Figure S15 ). Inunolide was not detectable in the I. hupehensis extracts of this study, which might be due to its rapid conversion to downstream C12,8a-STLs. However, the natural occurrence of inunolide was previously reported in Inula Racemose Hook (Paknikar and Sardesai, 1988) , suggesting that GAA could be the physical substrate for CYP71BL6 or CYP71BL6-like enzyme.
Consistent with the previous report on 8b-hydroxyl GAA properties (Ikezawa et al., 2011) , we confirmed that the 8b-hydroxyl GAA produced by CYP71BL6 is very stable and unable to spontaneously form the respective C12,8b-lactone ( Figure S12 ). However, curiously the germacrene Atype 12,8b-lactones are formed in nature (Paknikar and Figure 5 . LC-MS analysis of the in vitro assays of CYP71BL6 with GAA. The CYP71BL6-containing microsomes were incubated with the substrate GAA in the presence of NADPH as the cofactor. The control incubation included the microsome extracted from the empty vector-containing yeast cells. CYP71BL6 catalyzes a non-stereoselective hydroxylation of GAA in either 8a-or 8b-configuration, yielding inunolide (the 8a-lactone) and the 8b-hydroxyl GAA. Sardesai, 1988) , and how such lactone ring can be formed remains unknown. Recently, the mechanism for forming a 12,6b-lactone at the germacrene stage in thapsigargin biosynthesis has been described (Andersen et al., 2017) , in which a 6b-hydroxyl group is already present prior to the successive oxidation on the C12, and then the C12 triple oxidation leads to the spontaneous formation of a 12,6b-lactone ring. Therefore, similarly, to form the 12,8b-lactone ring, it would be possible that the 8b-hydroxylation on germacrene A might occur before the C12 triple oxidation by the GAO, as the enzyme GAO catalyzing the C12 triple oxidation has a broad substrate specificity (Gavira et al., 2013; Eljounaidi et al., 2014; Takase et al., 2016) , and may accommodate the 8b-hydroxyl germacrene A as the substrate to facilitate the 12,8b-lactone ring formation. However the co-expression of CYP71BL6 in yeast with the germacrene A synthase LsGAS suggested that CYP71BL6 has no activity with germacrene A (Figure S5 ). Based on the data reported here and by others, we propose the following possible scenarios:
1. In addition to the CYP, such as CYP71BL6, for the 8b-hydroxylation of GAA, an independent non-CYP enzyme might be required to catalyze the formation of a 12,8b-lactone ring. 2. A distinct CYP different from CYP71BL6 can catalyze the respective lactonization as well as 8b-hydroxylation on GAA; or 3) a distinct CYP different from CYP71BL6 or a unique sesquiterpene synthase catalyzes the formation of 8b-hydroxyl germacrene A, and thereafter the C12 triple oxidation leads to a spontaneous formation of the 12,8b-lactone. Further studies are required to clarify the 12,8b-lactone process in Asteraceae.
Finally, the identification of CYP71BL6 provides a novel 'gene part' that can be implemented in different biological platforms to produce a unique C12,8a-STL, inunolide. In ) were increased by the 48-h post treatment while decreased by the 120-h treatment, which was consistent with the effect on the CYP71BL6 expression (c). The data were acquired from four independent biological replicates and statistics analysis was conducted by T-test. Asterisks display significant differences. *P < 0.05, **P < 0.01. addition to being a key intermediate to form C12,8a-STLs, inunolide also exhibits anti-tumour activity by itself as does costunolide (Paknikar and Sardesai, 1988; Whipple et al., 2013) . Therefore, using the CYP71BL6 cDNA identified from this work, it will be feasible to produce a sufficient amount of C12,8a-STLs for drug precursors as demonstrated for artemisinin (Ro et al., 2006; Paddon et al., 2013) .
EXPERIMENTAL PROCEDURES Plant materials and chemicals
For measuring the STLs and the CYP71BL6 transcript in different plant organs, the adult I. hupehensis plants were collected from Enshi of China while the I. lineariifolia plants were from Anhui of China. For elicitation by MeJA, two leaf-old I. hupehensis plantlets were carefully collected from wildly grown fields at Wuhan of China, and transplanted into small glass flasks containing 40 ml of a modified MS liquid medium (Murashige and Skoog, 1962) . These plants were placed at a growth chamber at 24°C with 60% humidity and a 16-h light/8-h dark cycle. After about 3 weeks, when they grew to five leaf-age, and the plants with similar growth were selected and the MeJA elicitation was initiated by adding MeJA into the MS medium at the final concentration of 100 lM. For the controls, the same volume of ethanol was added. The treated seedlings were harvested at zero time and after 48 h and 120 h post elicitations, and the harvested materials were flash frozen in liquid nitrogen and stored at À80°C for further analysis. Four biological replicates were performed by eliciting four independent plants placed in four different glass flasks. Morphological features of the plants used in this study are shown in Figure S16 .
Costunolide standard was purchased from Sigma-Aldrich (St Louis, MO, USA). The b-costic acid standard was ordered from BioBioPha Company (Yunnan, China). The burrodin (12,8b-lactone), 2a-acetoxy-inuviscolide (12,8a-lactone), 5a,6a-epoxy-2a,4a-dihydroxy-1b-guaia-11(13)-en-12,8a-olide (12,8a-lactone) and inuchinenolide (12,8a-lactone) standards were provided by the Zhang group (Qin, 2011; Qin et al., 2011; Ren et al., 2013) , and the 8b-hydroxyl-GAA standard was from the Ro group (Ikezawa et al., 2011) . Unless specified otherwise, all enzymes were from TaKaRa Company (TaKaRa, LN, China).
Gene isolation and plasmid construction
Oligonucleotides used in this work are given Table S2 . The cDNA fragments of CYP71BL6 were obtained by reverse transcription polymerase chain reaction (RT-PCR) from I. hupehensis floret cDNA using the degenerate primers (1a and 1b). Full sequences of CYP71BL6 (GenBank accession no. KR029572) were discovered using a SMART RACE cDNA Amplification kit (Invitrogen, Carlsbad, CA, USA) using the primers 2a to 5b.
The open reading frames (ORFs) of CYP71BL6, LsGAS (GenBank accession no. AF489965), LsGAO (GenBank accession no. GU198171), and CYP71BL2 (GenBank accession no. HQ439599) were amplified using primers 6a-9b and inserted into pESC-His or pESC-Trp, giving the constructs of pESC-His-CYP71BL6, pESC-TrpLsGAS, pESC-Trp-LsGAS-LsGAO, and pESC-His-CYP71BL2. For the purpose of purifying the products catalyzed by CYP71BL6, the ORF of CYP71BL6 was amplified with primers 10a/10b and cloned into the plasmid pESC-Leu2d-LsGAS-LsGAO-AaCPR (Ikezawa et al., 2011) , yielding the quadruple expression plasmid pESCLeu2d-LsGAS-LsGAO-AaCPR-CYP71BL6.
The construction and cultivation of the yeast strains
The yeast WAT11 strain (Urban et al., 1997) was used as the parental strain in this study. The GAA-producing yeast was prepared by transferring the construct pESC-Trp-LsGAS-LsGAO into the WAT11 strain. For testing the GAA-oxidizing CYP activities, the constructs of pESC-His-CYP71BL6 and pESC-His-CYP71BL2 were separately transformed into the GAA-producing yeast, yielding the strains of WAT11/LsGAS-LsGAO-CYP71BL2 and WAT11/LsGASLsGAO-CYP71BL6, respectively. As a negative control, the empty vector pESC-His was transferred to give the strain of WAT11/ LsGAS-LsGAO. To test whether the CYP71BL6 could utilize germacrene A as a substrate, the germacrene A-producing construct pESC-Trp-LsGAS as well as pESC-His-CYP71BL6 were co-transferred into the WAT11 strain. As a control, the plasmid pESC-TrpLsGAS was co-transformed with the empty vector pESC-His. To scale up the yields of the products by CYP71BL6, the yeast EPY300 strain (Ikezawa et al., 2011) was transformed with the plasmid pESC-Leu2d/LsGAS-LsGAO-AaCPR-CYP71BL6. For the purification of GAA, the GAA-producing plasmid, pESC-Leu2d-LsGAS-LsGAOAaCPR (Ikezawa et al., 2011) , was transformed into the EPY300 strain.
The transgenic WAT11 strains were cultured in an appropriate SD dropout medium. For the EPY300-derived yeast strains, they were cultured according to the method previously described (Ikezawa et al., 2011). To prevent acid-induced rearrangement of germacrene A and GAA , the final concentration of 100 mM MOPS/NaOH (pH 7.5) was added to the culture medium to maintain the culture at pH > 6.0. After fermentation for 72 to 120 h at 30°C, the culture medium was adjusted to pH 6 with 2 N HCl prior to metabolite extractions.
GC/MS analysis
GC/MS analysis was performed in an Agilent 7890A GC machine (Agilent Technologies, Waldbronn, USA) equipped with an HP-5MS column (0.25 mm ID9 30 m, 0.25 lm film thickness, Agilent) and an Agilent 5975C mass selective detector. One lL of sample was injected into a splitless injection mode and carried by helium at a flow rate of 1.2 ml min
À1
. The injection temperature was 250°C. For analyzing the LsGAS activity, 25 ml of the culture was overlaid with 2 ml dodecane and the dodecane-soluble products were directly analyzed by GC-MS. The initial GC oven temperature was set at 45°C for 1 min, followed by a 10°CÁmin À1 ramp to 250°C, and held at 250°C for 5 min. Full mass spectra were generated for metabolite identification by scanning the m/z range from 40 to 300. Compounds were identified by mass spectral comparisons with literature data (De Kraker et al., 1998) or standards.
Metabolite extraction and LC-ESI-MS analysis
For the metabolite extraction from yeast, the yeast cultures were extracted with ethyl acetate and re-dissolved in methanol for LC-ESI-MS analysis. For the metabolite extraction from plant materials, the clear methanol extracts was filtered through a 0.22-lm micro-filter prior to LC-MS analysis.
Unless otherwise stated, LC-ESI-MS analysis was performed using an Accela max 600 HPLC system equipped with an online degasser, a quaternary solvent delivery system, a UV detector and a TSQ Quantum Access Max (Thermo Scientific, USA) with an electrospray ionization (ESI) source; 1-30 ll of samples were injected onto an analytical Agilent C18 column (5 lm, 250 9 4.6 mm) with the flow rate of 0.6 ml min To analyze the plant metabolites, the separation condition was performed as follows: the system was equilibrated at 30% B, and samples were separated with a multi-step gradient from 30 to 60% B (20 min), 60 to 80% B (5 min), 80 to 30% B (10 min) and 30% B (5 min) at a flow rate of 0.8 mlÁmin À1 and detected at 210 nm. The MS data were recorded with ranges of m/z + 150 to 400.
Purification of CYP71BL6 catalyzed products
The CYP71BL6-products (inunolide and 8b-hydroxyl GAA) were purified from the yeast cultures at a large scale (500 ml 9 4). The methods of culturing yeast cells and extracting the products were the same as described above. The products were purified by a preparative HPLC system. An Agilent Technologies 1260 Infinity HPLC system, including a 1260 Prep Pump, ZORBAX Eclipse XDB-C18 column (5 lm, 9.4 9 250 mm), FC-PS, and DAD VL (Agilent Technologies), was used. The separation condition was performed with a solvent gradient of 40:60 (A:B) to 38.4:61.6 (A:B) over 15 min (A, H 2 O containing 0.1% acetic acid; B, 100% acetonitrile). The remaining parameters were the same as the one used for LC-ESI-MS analysis except that the flow rate was set to 3 mlÁmin
À1
. The target peaks were collected in a MOPS buffer (pH 7.5) at a final concentration of 100 mM. After the collection, the fractions were adjusted to pH 6 with 2 N HCl prior to the extraction with ethyl acetate. The ethyl acetate extracts were then dried by a vacuum evaporator and used for NMR or LC-MS analysis.
Preparation of germacrene A acid (GAA)
For GAA preparation, the methods of culturing yeast cells and extracting metabolites are the same as those described above. The ethyl acetate yeast extracts containing GAA were dried by air evaporation, and re-dissolved in 2 ml of acetonitrile for the purification of GAA by a preparative HPLC. The HPLC condition for separating GAA was the same as that used for the purification of the CYP71BL6-catalyzed products. The GAA fractions were collected into 250 mM ammonium acetate buffer to minimize an acidinduced rearrangement of GAA. Then, the GAA-contained ammonium acetate solution was adjusted to pH 6.0 with acetic acid prior to the extraction with ethyl acetate. The ethyl acetate extracts were air-evaporated to dryness, and the purified GAA was re-dissolved in dimethyl sulfoxide.
In vitro enzyme activity assay
The activity of the CYP71BL6 protein was tested in a 1000-lL reaction mixture consisting of 50 mM HEPES buffer (pH 7.5), 100 lM GAA, 500 lM NADPH, and 2 mg of CYP71BL6-containing microsomal proteins. As a control, the microsome harbouring the empty vector pESC-His was prepared. The reaction mixture was incubated at 28°C for 2 h and extracted with 1 ml of ethyl acetate followed by UPLC-MS analysis.
For analyzing the in vitro enzymatic products, UPLC-MS was performed on a Xevo G2-XS QTOF system (Waters); 1 ll of samples were injected onto an octadecylsilyl column (2.1 9 100 mm; ACQUITY UPLC BEH C18 column; Waters) at a flow rate of 0.4 ml min À1 at 40°C. The mobile phase was composed of solvent A (H 2 O containing 0.1% formic acid) and solvent B (100% acetonitrile). Samples were eluted as follows: 80% solvent A for 1 min, followed by a linear gradient increase of solvent B from 20 to 80% over 10 min, and then over the next 2 min the column was flushed with 80% solvent B.
Structural analysis by NMR studies
For the structural determination of the products of CYP71BL6, the purified lactone product was dissolved in methanol-d4 while the purified 8b-hydroxyl GAA, as well as its chemical standard, were in dimethylsulfoxide-d6 solvent containing 0.03% TMS (v/v) for the NMR studies. For the lactone, NMR spectra were acquired at1 H-13 C heteronuclear multiple bond correlation spectroscopy (HMBC). 2D NMR spectra were recorded and processed in a similar fashion as reported previously with slightly different parameter changes (Dai et al., 2010) . Chemical shifts (d) for both 1 H and 13 C were referenced to residual peak of deuterated solvent methanold4 with 1 H chemical shift at 3.31 ppm and 13 C chemical shift at 49.5 ppm. Absolute configuration of the chiral centres in the lactone was determined by comparing the calculated J-coupling constants of related protons with the experimental results in the same manner as reported previously (Liu et al., 2012) . For the 8b-hydroxyl-GAA, chemical shifts (d) for both 1 H and 13 C were referenced to TMS (d H 0.00 ppm and d C 0.00 ppm). The one-and twodimensional NMR spectra of the hydroxyl GAA product were analyzed and compared to those of its chemical standard.
Alkaline treatment of the lactone product of CYP71BL6
The lactone ring of inunolide or costunolide was opened by alkaline hydrolysis according to the previous study with minor modifications (Ikezawa et al., 2011) . The alkaline reaction mixture consisted of 62.5% methanol, 10 mM NaOH and 0.5 mM lactone (costunolide or inunolide) in a total volume of 400 ll. As a control, the same amount of the lactone was incubated in 400 ll of 100% methanol. The reactions were carried out at 55°C for 3 h. To determine whether the alkaline hydrolysis products could be converted back to the lactones spontaneously under the acid condition, the alkaline hydrolyzed samples were divided into two parts, one was adjusted to pH 6.0 with 1 N HCl and the other was kept unchanged, and both reactions were further incubated at 30°C for 2 h. The 30 ll of the reaction mixtures were directly applied for the LC-MS analysis.
Gene expression analysis by real-time PCRs
The I. lineariifolia actin 1 gene (GenBank accession no. KT218679) was used as a constitute control. The quantitative RT-PCR was performed on an ABI 7500 Fast Real-Time PCR Detection System with FastStart Universal SYBR Green Master mix (Rox) (Roche, Mannheim, Germany). The PCR condition consisted of one cycle of 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and then 60°C for 1 min. All real-time PCRs were repeated three times by biological replicates. Gene specific primers 11a to 12b were used for the qRT-PCRs and listed in Table S2 .
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